Abstract: Strong correlation of stabilization energies of π-stacked pyridine and fl uorinated pyridine dimers with various relative orientations is presented. Four possible orientations of the monomers were considered. A SAPT decomposition of the interaction energies is presented and briefl y discussed. The dominant electrostatic contribution to the stabilization energy is found in some dimers and its possible origin is addressed in the discussion. An outline of possible future studies is introduced.
Introduction
Intermolecular interactions account for the properties of the system in many areas of chemistry. Interactions of aromatic molecules (π-π interactions) play a signifi cant role in the determination of the crystal structures and molecular recognition in both biological and artifi cial systems (Hunter et al. 2001 , Meyer et al. 2003 . Many studies on interactions of six membered carbon rings both substituted and non-substituted were published (e.g. Tsuzuki et al. 2006 , Gung et al. 2006 . Predominantly, the effects of relative orientation (e.g. stack, T, etc.) and the substitution effect on the interaction energy and stability of the super systems were described. Both six and fi ve membered rings with hetero atoms analogously play an important role as the six membered carbon rings in many types of systems (Berg et al. 2010) . Examples of such systems may be interactions of DNA base pairs or aromatic side chains interaction in proteins and other bio polymers as well as application in material or nano science, to name just a few (Lee at al. 2007 ). To our knowledge no works on the substitution effect and the effect of relative orientation in six membered rings with hetero atoms have been published yet. Following this and the fact that the methods employed are routinely used in such type of studies, the aims of this work can be summarized as follows; to investigate the effect of substitution (fl uorination) and the relative orientation of pyridine molecules in π-π sandwich interactions on the stability of the dimer. We restrict ourselves to the π/π sandwich structures as these are of principal importance in biological systems (Hunter et al. 2001 , Meyer et al. 2003 . Amongst all the fl uorination possibilities, only the pentafl uoropyridine will be considered. A basic SAPT (Symmetry Adapted Perturbation Theory) decomposition of the interaction energy will be performed on some of the systems and the importance of selected contributions will be presented. The pyridine and pentafl uoropyridine systems have to be considered as a model with respect to the possible applications mentioned in the latter.
Computational details
The electronic singlet ground state structures of the studied molecules were optimized at the MP2 level of theory (Möller, Plesset second order perturbation theory, 1934). The employed basis set for all atoms (C, N, F) but hydrogen was of the aug-cc-pVDZ quality and for hydrogen the non augmented ccpVDZ was used (Dunning 1989 , Woon 1993 . This combination will be denoted as (aug)-cc-pVDZ. All the bases are implemented in the Gaussian03 basis set library (Frisch et al. 2003 ). The energy cut-off was of 10 -4 kJ mol -1 and the fi nal root mean square energy gradient was under 0.005 kJ mol -1 Å -1 . Single point calculations with the optimized geometries in aug-cc-pVTZ (atoms C, N, F) and ccpVTZ (for H atom), abbreviated as (aug)-cc-pVTZ, were used for the evaluation of the interaction energies following the established scheme of Xantheas (Xantheas 1996) . The employed Dunning's basis sets are correlation consistent, which justifi es for the use of higher cardinality bases for the calculation of the interaction energy. All MP2 calculations through this work were in full active space (all electrons correlated). All the quantum chemical calculations were carried out using the Gaussian03 package (Frisch et al. 2003) . The SAPT (Bukowski et. al. 2008) calculations were done in 6-311G(d,p) basis set (Krishnan et al. 1980) . Only selected contributions are depicted in this work.
Results and discussion
Note on the used method -comparison with other theoretical approaches on published π-π sandwich structures The validity of the selected method for the evaluation of the interaction energies was tested on reference systems from already published works (e.g. Tsuzuki et al. 2006 , Gung et al. 2006 . Benzene -benzene, benzene -hexafl uorobenzene and hexafl uorobenzene -hexafl uorobenzene dimers in π-stacked (sandwich) structures were chosen. These were recomputed for this work for the sake of justifi cation of our approach. Tsuzuki et al. (2006) gives the BSSE free MP2/augcc-pVTZ interaction energy of benzene -hexa fl uorobenzene in sandwich structure as -36.62 kJ mol -1 and our approach provides -37.80 kJ mol -1 , i.e. a deviance of 3.2 %. However, in the same paper the CCSD(T) calculation at the basis set limit gives only -9.94 kJ mol -1
. The active space confi guration of Tsuzuki is not specifi cally discussed. All results in our work were calculated in the full active space. On the other hand, Gung et al. (2006) provides the BSSE free MP2(full)/6-31+G** interaction energy for benzene -hexafl uorobenzene as -21.42 kJ mol -1
. Considering the basis set dependence of the results, our value of the interaction energy is in the closest agreement with the value of Tsuzuki et al. (2006) . report the CBS (Complete Basis Set) extrapolated CCSD(T)/aug-cc-pV[Q5]Z stabilization energy of the benzene -benzene dimer in sandwich structure as -7.02 kJ mol -1 , whereas our approach gives -12.47 kJ mol -1 . Considering the difference in the ability of MP2 and CCSD(T) to describe the interaction energy correctly (see Tsuzuki et al. 2006 , who have a 3.7 times larger interaction energy for MP2 than for CCSD(T)) it is hard to conclude on the quality of our result for benzenebenzene dimer. It is also known that for such type of dimers, the non-covalent weak interactions tend to have oscillatory behavior (in magnitude) with respect to the order of perturbation in the Møller-Plesset approach (Tsuzuki et al. 2000) . MP2 tends to overestimate the interaction energy in magnitude, whereas CCSD and MP3 calculations usually underestimate these energies (Pitoňák et al. 2008a ). Hence, the discrepancy of the coupled cluster value of and our MP2 result. In case of the hexafl uorobenzene -hexafl uorobenzene in sandwich structure a value of -17.85 kJ mol -1 is obtained by our approach.
Sladek V. et al., Ab initio study of the structure and energetic of pyridine dimers Fig. 1 . Defi nition of the coordinate system used in this work. It is assumed that one ring is in the 1-2 plane (e.g. ring 1). The origin of the coordinate system is set on the nitrogen on ring 1 (nitrogen is indicated by the red dot). The perpendicular distance between the geometric centers of the two rings (m 1 and m 2 in the monomer 1 and 2, respectively) is r 3 (corresponds to the x 3 coordinate of the centre m 2 since m 1 is in the 1-2 plane). The inset picture defi nes coordinates r 1 and r 2 which describe the relative shift of the second ring in the 1-2 plane (r 1 corresponds to the x 1 (m 2 ) -x 1 (m 1 ) distance and r 2 is the x 2 coordinate of the centre m 2 ). The relative tilt of the second ring, γ, is measured as the angle between the normal vectors of the planes of the two rings. The relative orientation of the two nitrogen atoms is given by the dihedral angle δ, defi ned by these four subsequent points: N 1 , m 1 , m 2 , N 2 (N 1(2) being the nitrogen atoms in ring 1 and 2).
Pyridine and substituted pyridine dimers
One of the aims of this work is to investigate the effect of the relative orientation of the two rings on the strength of interaction. We adopt the following nomenclature to facilitate the description of the relative orientation of the nitrogen atoms (more exactly described by the dihedral angle δ). Ortho, abbreviated as o, correspond to the starting geometry with δ = 60°. Analogically, meta (m, δ = 120°), para (p, δ = 180°) and parallel (pl, δ = 0°). The geometry optimization in all cases started from a perfectly coplanar sandwich structure in the highest possible symmetry (i.e. C s for pl) symmetry. We propose the following scheme (see Figure 1) to describe the relative position of the two interacting rings. This allows the description of the distance of the geometric centers, the relative rotation and the declination from coplanarity.
In the introduction part a brief comparison of the methodologies used in comparable studies is presented. The reasonably good correspondence of the interaction energies justifi es for our choice of methodology. Table 1 contains the BSSE corrected interaction energies (or stabilization energies). From the fi rst glance it is evident that these do strongly depend on the relative orientation (pl, o, m, p) of the two monomers within one combination of the monomers (i.e. HP-PH, HP-PF or FP-PF). In the case of the HP-PH dimers, the o and m orientations exhibit huge stabilization energies compared to the pl an d p orientations. This is mainly due to the availability of both N atoms to interact with hydrogen atoms from the other monomer when in o or m orientation. In the case of the p and pl orientation such interaction is not possible. It is important to note, that the o orientation caused a considerable drift away from the starting δ = 60° and it converged to δ = 100°. This is comparable to the m orientation. The weakest stabilization is in the pl orientation. Here the direct alignment of the N atoms (the C s symmetry is held almost perfectly) forces the two monomers to the biggest separation, r 3 = 3.47 Å. This is not the case in the p orientation, however, this cannot be stabilized by two N-H interactions either. In the case of the mixed HP-PF dimers, both the pl and p structures are displaced along the fi rst axis (see Figure 1) . Therefore the initial symmetry is broken. In the case of the o structure the alignment of the molecules is such that the nitrogen atom from the fl uorinated monomer is in the closest proximity to the hydrogen on the C 1 carbon (next to the N atom) of the non-substituted pyridine (the distance is approx. 3.05 Å). The nitrogen of the non-substituted molecule is in the proximity of the C 2 carbon (second from the N atom) of the fl uorinated pyridine (the distance is approx. 3.01 Å). In this context the Merz-Kollman ESP charges (Singh et al. 1984 , Besler et al. 1990 ) of the monomers are evaluated. The charges are presented in Table 2 . The FP-PF dimers exhibit somewhat different behavior than the mixed HP-PF dimers. The analogy with the HP-PH dimers structures is rather obvious. This is mainly due the fact, that in these two cases the partial charges are identical at both monomers.
Sladek V. et al., Ab initio study of the structure and energetic of pyridine dimers Tab. 1. The coordinates r 1 , r 2 , r 3, γ and δ of the MP2/(aug)-cc-pVDZ optimized geometries of the weakly bound dimers. Based on these, the BSSE corrected interaction energies ΔE are computed at the MP2/(aug)-cc-pVTZ level of theory. HP-PH stands for the pyridine-pyridine dimer, HP-PF for the pyridine-pentafl uoropyridine and FP-PF for pentafl uoropyridine dimer. Again the pl structure is the most weakly stabilized and the defl ection from the starting geometry is smallest. The molecules stay in almost perfect alignment. Again the separation of the monomers is the biggest, approx. 3.21 Å. On the other hand, in the case of the FP-PF dimers, the stabilization of the structure by N-H interactions is not possible. Hence, the o and m structures do not exhibit such a dominant increase in the interaction energy as is in the HP-PH dimers. This implies that even though the r 1 and r 2 coordinates in FP-PF and HP-PH dimers are comparable, the main difference in their structure is the dihedral angle δ. This angle defi nes the relative orientation of the two monomers (see Figure  1) . While in the HP-PH dimers the orientation of the monomers is in favor of the N-H interaction, in the case of the FP-PF dimers their orientation is such that the distance between F atoms is maximized. Certainly no N-F stabilization can occur (at least due to the negative partial charges of both atoms). The Merz-Kollman ESP charges (in a.u.) for selected dimers were calculated and collected in Table 3 . The
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Tab. 2. The ESP (Merz-Kollman) fi tted partial charges based on the MP2/(aug)-cc-pVTZ densities of the monomers pyridine (HP) and pentafl uoropyridine (FP). C 1 is the carbon next to nitrogen. Then C 2 is the second one and C 3 the third one from nitrogen. X 1(2,3) are the corresponding substituents (H on pyridine, F on pentafl uoropyridine) on carbons C 1(2,3) respectively. The values separated by "/" correspond to the symmetrically positioned atoms. The default Merz-Kollman radii were used. partial charge distribution in free and interacting monomers may diverge; see the comparison of the data in Table 2 and 3. Evidently the charge on C 3 in PF changes from 0.013 (and 0,002) to -0.77 when interacting in the "ortho" orientation.
Tab. 3. The ESP (Merz-Kollman) fi tted partial charges based on the MP2/(aug)-cc-pVTZ densities of the dimers in pl and o orientations. C 1 is the carbon next to nitrogen. Then C 2 is the second one and C 3 the third one from nitrogen. X 1(2,3) are the corresponding substituents (H on pyridine, F on pentafl uorpyridine) on carbons C 1(2,3) respectively. The values separated by "/" correspond to the atoms in the same position, but in different molecules. In the case of the HP-PF dimers the values on HP are the fi rst ones. The default Merz-Kollman radii were used.
respectively. As anticipated, the dominant difference between the HP-PH-o an d HP-PH-pl dimers is in the electrostatic contribution. The E ) disp is smallest. It changes only by 24 % (-37.5 kJ mol -1 for HP-PH-pl and -46.5 kJ mol -1 for HP-PH-o). Based on this brief comparison a correlation of the strength of the interaction and the magnitude of the SAPT contributions can be assumed. However, the quality of the basis set and the fact that only second order contributions were evaluated allow no deeper insight into the systems interaction. The values are to be considered to be of rather qualitative than quantitative nature.
Conclusions
The comparison of the interaction energies of π sandwich structures of benzene -benzene and benzene -hexafl uorobenzene dimers computed by our approach (see Computational details) with other theoretical calculations leads to the conclusion, that the methodology is applicable. Thus it was applied in the computational study of the sandwich structures of pyridine and pentafl uoropyridine dimers which is the scope of this work. From the presented results it can be concluded that the stabilization energy of the studied dimers depends on the relative positions of the monomers. Such behavior was surely anticipated. Evidently, the most favored structures are those with dominant Coulomb interactions such as in the case of N-H interactions. Therefore, the strongest dependence of the stabilization energy on the relative orientation can be observed in HP-PH dimers. A relatively modest dependence in the HP-PF dimers can be attributed to an analogous effect, where the F-H interaction is relatively available in any orientation. In the FP-PF dimers the interplay between the repulsive F-F and N-N and attractive F-C or C-C governs the optimal geometry. The presented results supply some starting points for a more detailed study with methods that provide more accurate stabilization energies (CCSD(T)) and maybe a SAPT analysis to higher order perturbations. The effect of substituent may be an interesting subject to study, namely with respect to the structures abundant in biological systems. Comparative studies were presented by Lee and coworkers (Lee et. al. 2007 ) and Bachorz et al. (2008) . This studies however present different sets of molecules than this work.
